Based on multiconfiguration Hartree-Fock calculations, correlated electron-pair intracule ͑relative motion͒ and extracule ͑center-of-mass motion͒ properties are reported for the Be atom in position and momentum spaces. Particularly in the latter space, the present results are more accurate and consistent than those in the literature.
I. INTRODUCTION AND DEFINITIONS
For an explicit examination of the electron-electron interaction in many-electron atoms, the electron-pair intracule ͑relative motion͒ H(u) and extracule ͑center-of-mass motion͒ D(R) densities, H͑u ͒ϵ ͳ ͚ and characterize the distributions of the parent densities. In particular, ͗u Ϫ1 ͘ is nothing but the electron repulsion energy, ͗u͘ is the average interelectronic distance, and ͗R͘ is the average distance of electron pairs from the nucleus. The corresponding intracule H () and extracule D ( P) densities in momentum space, as well as their moments ͗ n ͘ and ͗P n ͘, have also been studied:
where p i is the momentum vector of the electron i. The densities H () and D ( P) and moments ͗ n ͘ and ͗P n ͘ have the physical meanings analogous to those of their position-space counterparts, but in momentum space. In a recent paper, 6 it was shown that the precise and consistent knowledge of the electron-pair moments is important, because in addition to their own significance, the four types of the second electron-pair moments ͗u 2 ͘, ͗R At the Hartree-Fock limit level, the electron-pair properties in both position and momentum spaces were established [8] [9] [10] [11] [12] [13] [14] for all the 102 neutral atoms from He to Lr in their ground states. At the correlated level, however, the electron-pair properties were not known in a consistent manner except for the He 15 and Li 16 atoms. In the case of the Be atom, several correlated calculations were reported for the intracule [17] [18] [19] [20] [21] [22] and extracule [21] [22] [23] properties in position space. On the other hand, correlated studies are extremely limited in momentum space: Only Sarsa et al. [23] [24] [25] published correlated electron-pair data of the Be atom based on Monte Carlo calculations. However, a closer examination shows that the results of Sarsa et al. are insufficiently accurate in that the statistical uncertainty is large in the sum rule, the total energy of the parent wave function is rather poor, and the virial error is nontrivial. Therefore, we have performed correlated calculations of the momentum-space electron-pair properties of the Be atom in a more accurate yet consistent manner, and the results are reported in this article. The position-space results are also compared with those in the literature. Hartree atomic units are used throughout.
II. COMPUTATIONAL OUTLINE
We first constructed a multiconfiguration Hartree-Fock ͑MCHF͒ wave function using a modified version of the MCHF88 program. 26 19 The deviation in the virial ratio ϪE/T from unity is 1ϫ10
Ϫ9 , where T is the electronic kinetic energy. All the electron-pair densities and moments were then calculated by the procedure described in Ref. 28 . We used Talman's algorithm 29 for the required Hankel transformation from position-to momentum-space functions.
III. RESULTS AND DISCUSSION
To check the accuracy of the present MCHF calculations, we have first computed the electron-pair properties in position space. The results are summarized and compared with the literature values 9, 10, [17] [18] [19] [20] [21] [22] [23] in Table I , where the columns are arranged in the decreasing order of the total energies of the parent wave functions. 9 in all the calculations. Clearly, the electron correlation increases the average interelectronic separation ͗u͘. These changes in ͗u n ͘ from their
Hartree-Fock values are consistent with the electron correlation effect appeared in the radial density H(u) depicted in Fig. 1͑a͒ ; ⌬H(u) is positive in the regions 0.50ϽuϽ1.09 and 3.44ϽuϽ7.87, whereas ⌬H(u) is negative mainly in the regions 0ϽuϽ0.50 and 1.09ϽuϽ3.44, where the symbol ⌬ stands for the correlated quantity subtracted by the corresponding Hartree-Fock quantity. Analogous correlation effects in ⌬H(u) were reported by Banyard et al. 17, 18 and by Gálvez et al., 21 but the first positive region is missing in the result of the latter authors.
The four sets of the correlated extracule moments ͗R n ͘ in Table I are not very different, but we expect that the present MCHF values will be more reliable than the Monte Carlo results [21] [22] [23] in view of the accuracy observed in the partner intracule moments. The correlated moments ͗R n ͘ with nϽ0 are larger, while those with nϾ0 are smaller than their Hartree-Fock values. 10 These changes correctly reflect the correlation contribution in the extracule density D(R) that the density is shifted from a large-R (RϾ1.58) to a small-R (0ϽRϽ1.58) region, as shown in Fig. 1͑b͒ . Gálvez et al. 21, 23 reported similar behavior for ⌬D(R). The electron correlation in the Be atom reduces the average center-ofmass radius ͗R͘ of electron pairs. [20] [21] [22] [23] though the value is within the sum of the statistical errors in the three relevant moments.
The momentum-space electron-pair properties obtained from the present MCHF calculations are summarized and compared with the literature values 9,10,23-25 in Table II . The columns of the table are again arranged in the decreasing order of the associated total energies. When compared with the Hartree-Fock values 9 the intracule moments ͗ n ͘ are found to be increased if nϽ0 and decreased if nϾ0 upon the inclusion of the electron correlation. An exception is the previous calculation by Sarsa et al., 24 where they obtained a correlated ͗ 3 ͘ value ͑630.͒ larger than the corresponding Hartree-Fock result ͑610͒. The correlation contribution ⌬H () to the intracule density H () in momentum space is depicted in Fig. 2͑a͒ . The difference ⌬H () is positive at 0ϽϽ0.80 and 1.79ϽϽ7.37, whereas it is negative at 0.80ϽϽ1.79 and Ͼ7.37. An analogous correlation effect was previously observed by Gálvez et al. 25 The predominant contribution of the electron correlation is the density shift from a large-to a small-region, in accord with the change in the intracule moments ͗ n ͘ discussed previously. The electron correlation effect works to reduce the average distance ͗͘ of two electrons in momentum space; an opposite result observed for ͗u͘ in position space.
On the other hand, Table II shows that the electron correlation decreases the extracule moments ͗P n ͘ with nϽ0 and increases ͗P n ͘ with nϾ0 in all the calculations. The correlation effect ⌬D ( P) on the extracule density D ( P) is plotted in Fig. 2͑b͒ , which shows that the extracule density mainly migrates from a small-P (0Ͻ PϽ0.40) to a large-P (0. [23] [24] [25] are analogous, when available. When the consistency of the momentum-space intracule and extracule properties is checked by means of ␦ mom ͓Eq. ͑5b͔͒, we find that ␦ mom is zero for the present and Hartree-Fock results, whereas it is nonzero for the results of Sarsa et al. 23, 24 and of Gálvez et al. 25 The statistical uncertainty was not reported for the electron-pair moments in momentum space. Judging from the total energies, virial errors, and ␦ mom values, we consider that the present MCHF results are most accurate among the three sets of available data summarized in Table  II .
IV. SUMMARY
For the Be atom, correlated electron-pair intracule ͑rela-tive motion͒ and extracule ͑center-of-mass motion͒ properties in position and momentum spaces have been reported based on MCHF calculations.
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